The use of carbon dioxide (C0 2 ) with, and without, oxygen (0 2 ) as a short-term restraint anaesthetic for Wistar rats in which subclinical respiratory disease was endemic, was assessed in 3 separate experiments. In the first, rats were placed in a CO 2 atmosphere generated from solid CO 2 chips in a 70 Iplastic bin, and removed at time intervals ranging from 0 to 120 s after disappearance of the pedal reflex. Eight of 25 rats died, including 2 which were removed immediately the pedal reflex disappeared; it was concluded that CO 2 without O 2 was not a suitable short-term anaesthetic for rats. In a second study, rats were anaesthetized in atmospheres of 50 : 50 and 80 : 20 (C0 2 : O 2 ) provided from commercially available cylinders, in 2 different environments -a 3, 41 glass jar and a 171 plastic bin. Rats became excited in the plastic bin but not the glass jar. Rats in the glass jar displayed visible depression and cessation of whiskers movement significantly more quickly in the 80: 20 (C0 2 : O 2 ) than in the SO: 50 mixture (4'2±0'98s, n=6, and 66·0±4·9s, n=6 vs 13·8±2·77s, n=5 and 152·0±20·8s, n=5, respectively). Rats in the 171 plastic bin lost their pedal reflexes in a mean 41· 5 ± 4· 55 s (n = 11) in the SO : SO mixture and in a mean 30·9 ± 6·38 s (n = 11) in the 80: 20 (C02: O 2 ) group. Those left in the 50 : 50 mixture for 60 sand 180 s after disappearance of their pedal reflexes, recovered these reflexes in 20· 2 ± 0,44 sand 21·5 ± 7· 23 s respectively after removal from the gas. Respiration and heart beat ceased in one rat remaining in the SO : 50 mixture after 13 min 10 s.
Summary
The use of carbon dioxide (C0 2 ) with, and without, oxygen (0 2 ) as a short-term restraint anaesthetic for Wistar rats in which subclinical respiratory disease was endemic, was assessed in 3 separate experiments. In the first, rats were placed in a CO 2 atmosphere generated from solid CO 2 chips in a 70 Iplastic bin, and removed at time intervals ranging from 0 to 120 s after disappearance of the pedal reflex. Eight of 25 rats died, including 2 which were removed immediately the pedal reflex disappeared; it was concluded that CO 2 without O 2 was not a suitable short-term anaesthetic for rats. In a second study, rats were anaesthetized in atmospheres of 50 : 50 and 80 : 20 (C0 2 : O 2 ) provided from commercially available cylinders, in 2 different environments -a 3, 41 glass jar and a 171 plastic bin. Rats became excited in the plastic bin but not the glass jar. Rats in the glass jar displayed visible depression and cessation of whiskers movement significantly more quickly in the 80: 20 (C0 2 : O 2 ) than in the SO: 50 mixture (4'2±0'98s, n=6, and 66·0±4·9s, n=6 vs 13·8±2·77s, n=5 and 152·0±20·8s, n=5, respectively). Rats in the 171 plastic bin lost their pedal reflexes in a mean 41· 5 ± 4· 55 s (n = 11) in the SO : SO mixture and in a mean 30·9 ± 6·38 s (n = 11) in the 80: 20 (C02: O 2 ) group. Those left in the 50 : 50 mixture for 60 sand 180 s after disappearance of their pedal reflexes, recovered these reflexes in 20· 2 ± 0,44 sand 21·5 ± 7· 23 s respectively after removal from the gas. Respiration and heart beat ceased in one rat remaining in the SO : 50 mixture after 13 min 10 s. Received 12 March 1987 . Accepted 25 November 1988 No untoward effects occurred in rats left in the 50 : 50 mixture for 180 s after disappearance of the pedal reflex, but 2 died when left for an equivalent period in the 80: 20 mixture. In the third study, examples of the practical use of a 50 : 50 mixture as a short term restraint anaesthetic are described. It was concluded that this mixture was a cheap, safe, and effective means of short-term restraint for rats with subclinical respiratory disease, when the minimal time of exposure to the gases was employed.
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There is a need for a safe, short-acting, nonexcitable restraint anaesthetic for rats.
Several short-acting injectable anaesthetics are available, including alfentanil/etomidate (Kandlbinder, 1985) , and ICI 35868 (Glen, 1980) . However, their administration requires manual restraint of the rat which can be distressful both to the rat and to the operator.
Ether has been traditionally used as a relatively quick acting anaesthetic (Payne & Chamings, 1964) , but its explosive potential, and its tendency to cause excitement throughout the induction period (Blackshaw et al., 1988) are disad vantages.
Chloroform has the advantage of producing a quick, non-excitatory induction period (Blackshaw et al., 1988) but its hepatotoxicity, reno toxicity and suspect carcinogenicity (Hall, 1971; National Institute of Occupational Health, 1981 -1982 to both rats and laboratory staff suggest that it is not suitable for physiological studies. Nevertheless, on the basis that many of the disadvantages to laboratory staff could be avoided if the chloroform were administered in a fume cupboard, 20 rats were anaesthetised with chloroform and removed 30 s after disappearance of the pedal reflex; one died after 130 s, and 6 developed apnoea for periods ranging from 42 to 96 s (Fenwick and Blackshaw, unpublished) . It was concluded that chloroform was grossly unsuitable as an anaesthetic agent for rats. Green (1981) reviewed the literature on the potential toxicity of other gases. Nitrous oxide has been associated with neurological, immunological and possible abortifacient effects. Halothane and methoxyflurane have both been shown to be hepatotoxic, and renotoxic under some conditions. Enflurane has not been shown to be toxic, but has yet to be studied to the same extent as the other gases. In addition to these disadvantages, the latter 3 gases are expensive, they are not odourless, and they have not been subjected to studies of their effects on the behaviour of animals.
The use of carbon dioxide (C02) inhalation to reduce pain during dog surgery was first noted by Hickman in 1824 (Lumb & Jones, 1973) , although it was not investigated until 1929 (Leake & Waters, 1929) . It has since been used widely as an anaesthetic agent both with, and without, oxygen (0 2 ) for laboratory animals (Hyde, 1962; Payne & Chamings, 1964; Lumb & Jones, 1973; Lane-Petter, 1976; Green, 1979) . The advantages of CO 2 are that it is odourless and colourless, and appears to have no insidious effects on laboratory staff. Studies of electroencephalographs (EEGs) and cortical somatosensory evoked responses (Forslid et al., 1986) , electroshock seizure threshold (Woodbury et al., 1958) ,and behaviour during induction (Blackshaw et al., 1988) all indicate that CO2, at anaesthetic concentrations, has a sedative effect and depresses the central nervous system.
Physiologically, CO 2 inhalation can produce changes which may affect the results of certain types of research. Petty and Sulkowski (l971a) recorded irregular, gasping respiration which became regular and synchronous, within 2-3 min, 221 increases in haematocrit, tidal volume of respiration, and minute volume of respiration, decreased intestinal mobility, arterial pH, and percentage oxyhaemoglobin saturation. Petty and Sulkowski (1971b) observed cardiac arrythmias, particularly when the concentration of CO 2 exceeded 700/0,decreases in heart rate which were inversely proportional to the concentration of CO2, and increases in serum potassium concentration. Woodbury et al. (1958) found that the inhalation of 50% CO 2 decreased brain intracellular sodium and potassium concentrations. Roth and Barlow (1961) recorded marked increases in brain penetration by urea, phenobarbital and salicylic acid during hypercapnic acidosis.
In rabbits, a mixture of 50% CO 2 , 20% O2 and 30% N 2 produced significant increases in blood Peo2, systolic arterial pressure, plasma glucose and plasma lactate concentrations, and significant decreases in arterial blood pH and heart rate (all P<O'OI; Hattingh et al., 1986) . Haring (1960) found a high incidence of cardiac malformations in rats whose mothers were exposed to CO 2 during pregnancy. Blackshaw et al. (1988) noted that rats took between 7 and 11 s to become immobile in CO2, but no literature could be found describing the time it took for rats in CO2 and O2 mixtures to become immobile, to lose their pedal reflexes, or to regain their pedal reflexes after removal from the gases. Nor was literature available indicating whether the gases were safe for rats with subclinical respiratory disease which is present in most rat colonies in Brisbane.
The 'safe' time to leave rodents in an atmosphere of CO 2 is not known. Payne and Chamings (1964) suggested that 10 min was possible. Woodbury et al. (1958) e~posed their rats for 15 min and Petty and Sulkowski for 20 min. However, Green (1979) suggested that only 2 min should be regarded as a safe working time.
In this series of studies, it was decided to record the effects of CO 2 alone, 50: 50 (C0 2 : 02), and 80: 20 (C0 2 : O 2 ), Woodbury et al. (1958) had previously recorded a decrease in brain excitability in rats breathing an atmosphere of 5-200/0 CO 2 in a mixture of N 2 and O 2 , an increase in excitability when the concentration ranged from 30 to 45%, and an anaesthetic effect when it reached 50%. These authors also recorded clonic seizures in all rats removed from 50% CO 2 into air, but this was not observed by the other authors cited above, except for Petty and Sulkowski (1971b) who found jaw and forelimb clonus, hypersensitivity to noise, and marked abrupt increases in respiration on withdrawal.
Materials and methods Outbred Wistar rats bred at the Central Animal Breeding House of the University of Queensland, of varying weights (152-314g) and both sexes were used. Subclinical respiratory disease is endemic in Brisbane (Australia) rat colonies, and was confirmed in the rats in the study by autopsies on 10 mature rats and 4 young rats selected at random. Macroscopically the lesions resembled those described by McInnes et al. (1967) for a lung disease they called Chronic Murine Pneumonia. There were no obvious clinical signs in the rats used in this experiment. All rats were reared in cages with wire grid floors, and fed a standard commercially available ration (Allied Feeds, Concord, NSW, Australia). Experiment 1 CO 2 was produced by immersing chunks of solid CO2 in a beaker of water, and this was covered by a larger beaker to prevent contact by the rats. The beakers were placed in the bottom of a 70 I galvanized bin containing a 5 cm layer of wood shavings on the floor. When the resultant fog disappeared, rats were placed in the container one at a time. Measurement of the concentration of O 2 indicated that the environment consisted of 85% CO 2 , 12% N 2 and 3% O 2 , This experiment was conducted in an air temperature ranging from 21 to 24°C between 0900 and 1130 h.
After entry of rats into the gas, the time intervals were recorded (by stopwatch) for when Fenwick & Blackshaw each rat became immobile, the pedal reflex disappeared, the rat was taken out of the gas, the return of the pedal reflex, the rat regained an upright position, and when death intervened, if this occurred (judged by cessation of heart beat and respiration). The time intervals at which rats were taken out of the carbon dioxide were 0, 15, O, 45, 60, 90 and 120s after the pedal reflex disappeared. The order of removal times for each rat was determined randomly. Immediately on removal from the CO 2 each rat was weighed, and marked for identification. Twenty-five female rats were used in the study. The numbers used in each time period are shown in Table 1 .
A note was made of untoward sequelae, and the behaviour of rats during, and after the experiments.
Student's t-test was used to determine the significance of the differences between the means.
All surviving rats were checked the next day. CO 2 and O2 concentrations were measured using a 'Normocap' metre (Model DC-12, Datex Instrumentation, Helsinki, Finland).
Experiment 2
The CO 2 was supplied from commercially available cylinders of 'food grade' quality (99' 8% minimum CO2, Gas Code 082, Commonwealth Industrial Gases, Brisbane, Australia), and the O 2 from commercially available cylinders of O 2 of medical BP grade (99' 0% minimum 02, Gas Code 400, Commonwealth Industrial Gases, Brisbane, Australia). The gases were passed through twin flow meters attached to an anaesthetic machine (CIG Midget 3). The end of the common outlet tube was attached to a brass tube taped to the inside of the container used to hold the rats. Note was made of the settings on the twin flow meters of the anaesthetic machine when the Normocap showed readings of 50% O 2 and 20% O 2 in the containers used for the experiment. Concentrations of O 2 were monitored intermittently at the top and bottom of the containers during use. In addition, a series of readings of CO 2 concentrations was taken at 5 mm intervals above a grid placed on top of the larger container, in order to check for operator safety; Paton (1983) had observed that humans became unconscious within minutes of inhaling 100/0CO 2 , The maximum reading during a 5 s exposure at each level was recorded.
In experiment 2a, the container used was a rectangular glass jar, 300mm (h) x 150mm (I) x 75 mm (w) of 3' 41 capacity with a raised gauze floor (70 mm high). Five male rats of mean ( ± SD) weight of 245 .0 ± 8, 5 g were subjected to a 50 : 50 atmosphere of CO2 ; O2 and 4 female and 2 male rats of mean (± SD) weight of 201'0 ± 45' 3 g to an 80: 20 (C0 2 : O 2 ) mixture.
Rats were placed in these environments singly, left in until whiskers movements ceased, then removed, weighed and numbered, and returned to a cage when they had regained an upright position. Note was made of the times when each rat was placed in the container, when activities visibly slowed, when whiskers movements ceased (the jar was too small to examine the pedal reflexes adequately), and when the pedal reflexes returned. In order to ascertain the time for death to occur, so that a safe working time could be established, one 238 g male rat was left in the container until respiration and heart beat had ceased, and the length of time recorded.
In experiment 2b, the container used was a square-based opaque orange-coloured plastic bin 350 mm (h) x 220 mm (I) x 220 mm (w) of 17I capacity. Using a wire grid across the top of this bin, as a base measurement, the concentration of CO2 was measured at 5 mm intervals vertically. Five female rats of mean (± SD) weight of 185· 6 ± 35 . 4 g were placed separately in a 50 : 50 mixture of CO 2 : O 2 • They were removed 60 s after the disappearance of the pedal reflex, weighed and numbered, and returned to a cage when able to stay upright. Similar procedures were used on another batch of 6 female rats of mean (± SD) weight of 202·0 ± 60, 7 g, but these rats remained in the 50: 50 mixture for 180s after disappearance of the pedal reflex. Two further batches of rats were used in identical experiments in an 80: 20 mixture of CO 2 : O2 for 60 sand 180s periods. These groups weighed 226· 0 ± 58, 7 g (n = 5, all female) and 223 180'7±75'7g (n=7, 5 female and 2 male) respectively. Note was made of the time of placement of each rat into the container, the disappearance of the pedal reflex, the removal ,from the container, and the return of the pedal reflex.
The term 'duration of anaesthesia' used in the results was the time the rats remained anaesthetized after removal from the container. This was the difference between the time when each was removed from the container and the time the pedal reflex returned. While the rats were still in the container and during the period of anaesthesia after the pedal reflex had disappeared, 2 rats in each mixture (50 : 50 and 80: 20) for 180 s were subjected to tongue withdrawal, gastric lavage, blood sampling from the heart, intraperitoneal, intramuscular, and subcutaneous injections.
Experiment 3
Over a 9 month period, a 50 : 50 mixture of CO2 and O 2 was used to restrain rats (and mice) for a variety of procedures performed in a 361 capacity perspex bin 40 mm (h) x 300 mm (1) x 300 mm (w). Note was made of the number of animals used for each procedure, the condition of the animals, the stage of anaesthesia at which the procedure was performed (stage 3 anaesthesia was judged to be present when the pedal reflex disappeared), the nature of the procedure, and the mortality rate.
The CO 2 and 02 were supplied from cylinders and regulated to a 50 : 50 mixture as described for experiment 2.
Results

Experiment 1 (C0 2 chips and 70 I bin)
There was an obvious increase in the depth of respiration within seconds of rats being placed in the CO 2 ,
The mean (± SD) time for rats to become immobile was 12·6±4·60s (n=22).
The mean (± SD) time period for the pedal reflex to disappear was 36,0 ± 11·88 s (n = 25).
The association between the length of time rats were left in carbon dioxide after loss of the pedal Table 1 . Association between the period of time (s) Wistar rats were exposed to carbon dioxide after disappearance of the pedal reflex, the duration of anaesthesia (s) and incidence of deaths reflex and the subsequent duration of anaesthesia (as judged by the return of the pedal reflex) is shown in Table 1 . The mean duration of anaesthesia of the group of rats removed at 0 s (28' 2 ± 12' 52 s) was significantly less than the period of 76, 2 ± 20· 75 s for the group of rats left in the CO2 atmosphere for an extra 30 s before removal (P<0·05).
Eight of the 25 rats died; 2 were in the group of rats removed from the CO 2 as soon as the pedal reflex was lost, 1 was in the 45 s group, 3 were in the 60 s group, and 2 were the only rats Fenwick & Blackshaw in the 90 and 120 s group (Table I) . The deaths occurred after the return of the pedal reflexes.
AIl recoveries were quiet and the surviving rats appeared normal in their cages next morning.
Experiment 2 (cylinder CO 2 and O 2 ) Excitement was not manifest in any rats in the glass jar, but all rats placed in the plastic bin became excited, and exhibited escape behaviour within seconds, unless they were stroked as soon as they were placed in the container. All rats exhibited hyperpnoea after several seconds.
The reading for O 2 (on the O 2 flow meter of the anaesthetic machine) was 1080ml/min and for CO2 (on the N20 meter of the anaesthetic machine) was 950 ml/min, when the O 2 meter on the Normocap registered 50%. The corresponding readings for the 20: 80 (0 2 : CO 2 ) mixture were 200 and 1000ml/min when the O 2 meter on the Normocap was showing 200{o.
Experiment 2a (3 ·41 glass jar)
The 3, 41 glass jar was too small to carry out procedures on the rats or to satisfactorily test the pedal reflex.
The mean time periods to visible depression of activity, cessation of whiskers movement, and duration of anaethesia are shown in Table 2 . ns, not significant. "Data from 2 rats that died were excluded from the calculations. One rat died from haemothorax, following cardiac puncture without regaining consciousness.
One of the rats in the 80: 20 (C0 2 : O 2 ) mixture died 190 s after being placed in the container, and another died 116 s after removal from a 204 s period of exposure in the same mixture .. The concentration of CO 2 immediately level with the top of the container and 5 mm above the mesh, used as a base level for measuring, was greater than 10%. Thereafter it declined rapidly as shown in Fig. 1 . The concentration at floor level was 0'5070. With the 171 plastic bin at normal chair level, it was not difficult to carry out tongue withdrawal, gastric lavage, cardiac puncture, intraperitoneal, intramuscular and subcutaneous injections.
It can be seen that the rats in the 80: 20 (C0 2 : O 2 ) mixture reached stages of visible depression and cessation of whiskers movement significantly more rapidly than the rats in the 50: 50 mixture (both P<O'Ol), but the difference in the mean duration of anaesthesia after removal from the gases was not significant.
The time period to death in the one rat deliberately left in the 50: 50 mixture until respiration and heart beat ceased, was 13 min 10 s. Death was preceded by epistaxis. Retro-orbital bleeding 1 ·Stage 3 was indicated by loss of the pedal reflex; stage 2 was indicated by the rat remaining on its back or side when rolled over.
The mean time periods to loss of the pedal reflex, and duration of anaesthesia for rats in the 17 I plastic bin are shown in Table 2 . Although there was no significant difference between the mean time taken for rats to lose their pedal reflexes in the 50: 50 and 80: 20 (C02: 02) mixtures, the rats in the 80: 20 mixture had significantly longer mean durations of anaesthesia than those in the 50 : 50 mixture, following 60 s (P< O' 01) and 180 s (P< O· 01) extra exposure following loss of the pedal reflex.
The remaining rats recovered quickly and quietly after the pedal reflexes returned, and most rats could actively move forward as soon as they could right themselves. This occurred within 10-20 s. Most rats manifested mild clonus ofthe muscles around the snout. All rats were normal in their cages next morning.
Experiment 3 (36/ perspex bin)
The data concerning the practical use of 50 : 50 CO 2 : O 2 are shown in Table 3 .
All 6 deaths in the rats occurred after they had shown a partial recovery from the CO 2 : O 2 anaesthesia. The 3 rats which died after receiving Ketalar-xylazine had epistaxis. No deaths occurred with intraperitoneal Ketalar-xylazine in rats injected during stage 2 of anaesthesia.
The 14 deaths following retro-orbital bleeding in mice in most cases occurred before the mice began to recover from the anaesthesia. The first 2 batches were sampled by 2 different technicians who were relative novices at the procedure, while the last 2 batches were performed by the same 2 operators after they had become experienced. During the latter samplings, once the pedal reflexes disappeared, mice were bled and removed from the jar within 10 s.
Discussion
The 350/0 death rate in the rats left in CO 2 with 3% O2 for 45 s or longer after disappearance of the pedal reflex (experiment 1) suggests there is a limit to the safe time of exposure. The death of 2 rats removed at 0 s raises doubts about the safety of the use of carbon dioxide generated from solid carbon dioxide chunks on rats Fenwick & Blackshaw affected with subclinical respiratory disease. A report by Adeghe and Cohen (1986) on the use of CO2 (without O2) as an anaesthetic for the terminal bleeding of mice, implied that deaths were not uncommon in that species with pure CO2•
The choice of cessation of whiskers movement as the time to remove rats from the glass jar does not have a precedent in the judgement of depth of anaesthesia.
However, the coefficient of variation of 13·6% and 7·4070 respectively for the 50: 50 and 80: 20 (C0 2 : 02) groups suggests that it is a reasonably predictable end point for comparisons between groups. Although rats in the glass jar reached stages of visible depression and cessation of whiskers movement more quickly in an atmosphere of 80: 20 (C0 2 : 02) than in 50 : 50 mixture, this was not the case for the rats in the 17 I plastic bin in which there was no significant difference in the mean times for both groups to lose their pedal reflexes. The tendency toward excitability in the rats placed in the opaque 17 I plastic bin compared with these in the glass jar may have had some influence on this, but the exact reason IS unknown.
Two conclusions can be drawn from the experiment conducted in the 171 plastic bin. Firstly, rats subjected to an 80: 20 mixture (C02: 02) remain anaesthetized for significantly longer than rats subjected to a 50 : 50 mixture, but the deaths of 2 rats after 180 s exposure, and the relatively short mean duration of anaesthesia, suggest that the findings have no practical application. The lack of undesirable side effects in the group of rats exposed to a 50 : 50 mixture for at least 180 s, suggested that a 50 : 50 mixture \ of CO2 and O 2 was worthy of further practical evaluation in rat populations in which subclinical respiratory disease was endemic. A bin was made from perspex and of sufficient size to allow manipulations inside the bin. During the practical use of 50 : 50 (C0 2 : O2), deaths in rats occurred only in association with the administration of injectable anaesthetics, and with cardiac bleeding (and in mice, during retroorbital bleeding); which suggested that short-term exposure to 50 : 50 mixtures of CO2 and O 2 for other procedures is a satisfactory method for brief restraint anaesthesia in rats with subclinical respiratory disease. This confirms the observation of Green (1979) for healthy rats. Cardiac bleeding has always been regarded as hazardous to an animal, but whether a CO 2 and O 2 mixture contributed in some way to the deaths could only be resolved if comparative numbers of animals were bled using another anaesthetic. The epistaxis in association with the Ketalarxylazine, similar to that from 50: 50 (C0 2 : O2) alone, and the absence of mortalities in rats injected during stage 2 of anaesthesia suggested that Ketalar-xylazine could have an additive effect on the toxicity of CO2: O2• A factor to be considered is the observation of Roth and Barlow (1961) that hypercapnic acidosis increases the brain concentrations of some drugs: brain
